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[57] ABSTRACT 

An apparatus and method are described for measuring 
physical characteristics of a fluid, by placing a drop (16) 
of the fluid in a bath (14) of a second fluid and passing 
acoustic waves through the bath. The applied fre- 
quency of the acoustic waves is varied, to determine the 
precise value of a frequency at which the drop under- 
goes resonant oscillations. The resonant frequency indi- 
cates the interfacial tension of the drop (16) in the bath 
(14), and the interfacial tension can indicate physical 
properties of the fluid in the drop. 

14 Claims, 3 Drawing Figures 
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light in the interrupted beam along a predetermined 
SYSTEM FOR MONITORING PHYSICAL axis. 

CHARACTERISTICS OF FLUIDS The novel features of the invention are set forth with 


ORIGIN OF THE INVENTION 5 

The invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85 568 10 
(72 Stat 435; 42 USC 2457). 

BACKGROUND OF THE INVENTION 

While the measurement of physical properties of a 
fluid can be determined by a variety of instruments, j 5 
many of such instruments involve complex and time- 
consuming processes, and the instruments themselves 
are expensive. For example, the chemical composition 
of a fluid can be determined by a mass spectrometer, but 
the instruments are expensive and require considerable 20 
time to make an analysis. The physical characteristics of 
fluids can be indicated by measuring certain sensitive 
fluid characteristics. For example, the surface tension of 
a fluid is highly dependent on its composition, and even 
small amounts of contaminants or additives can greatly 25 
change the surface tension. One technique for measur- 
ing inter facial surface tension between the liquids, in- 
volves dipping a wire ring into the more dense liquid, 
pulling up the ring while the denser liquid clings to it, 
and noting the height at which the clinging liquid 30 
breaks away. Another technique is to hold a drop of 
dense liquid on the tip of a capillary tube, while the tube 
lies in a lighter liquid, and noting the amount by which 
the drop of dense liquid sags. However, these tech- 
niques require a substantial density difference between 35 
the fluids, and neither technique is sensitive and precise 
enough to enable its widespread practical utilization in 
determining other characteristics of the fluid. 

OBJECTS AND SUMMARY OF THE 40 

INVENTION 

One object of the present invention is to provide a 
method and apparatus for determining the interfacial 
tension of fluids to a high degree of accuracy. 45 

Another object is to provide a method and apparatus 
for enabling the rapid measurement of physical charac- 
teristics of fluids, and the time evolution of such charac- 
teristics. 

In accordance with one embodiment of the present 5Q 
invention, a method and apparatus are provided which 
enable the accurate measurement of interfacial tension 
or other characteristics of fluids. The method includes 
the introduction of a quantity or drop of a first fluid into 
a bath containing a second fluid. Acoustic waves are 55 
then propagated through the bath while oscillations of 
the drop are monitored. The frequency of the acoustic 
waves is varied to determine the precise value of a 
frequency at which the drop undergoes resonant oscil- 
lations. The resonant frequency indicates the surface 60 
tension of the drop in the bath with high precision. 

The drop can be held in a stable position within the 
bath, by the application of high frequency waves which 
produce a standing wave pattern within the bath, that 
urges the drop toward a node or anitnode of the wave 65 
pattern. The oscillations of a drop can be monitored by 
directing a light beam through the bath, so the beam is 
interrupted by the drop, and measuring the amount of 


particularity in the appended claims. The invention will 
be best understood from the following description when 
read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of an apparatus con- 
structed in accordance with the present invention. 

FIG. 2 is a sectional and block diagram view of the 
apparatus of FIG. 1. 

FIG. 3 is a partial simplified perspective view of the 
apparatus of FIG. 2, showing the principal of operation 
of the oscillation sensing apparatus. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 illustrates an analyzing apparatus 10 which 
includes a container 12 for holding a host fluid 14 such 
as water, and with the host fluid being utilized to re- 
ceive and retain a drop 16 of a second fluid. A trans- 
ducer 18 is utilized to pass acoustic waves through the 
fluid bath 14. The acoustic waves include a component 
of a frequency which produces resonant oscillations of 
the drop 16. The precise frequency at which the drop 
oscillates, indicates the interfacial surface tension be- 
tween the drop 16 and the surrounding fluid bath 14. 
The transducer 18 is driven by an oscillator apparatus 
20, whose frequency output is closely controllable. 
Oscillations of the drop 16 are monitored by an oscilla- 
tion sensing device 22 which includes a light source 24 
that passes light through the bath area occupied by the 
drop 16. The light is detected by a detector 26 whose 
output can be delivered to an indicator 28 to indicate 
oscillations of the drop. 

In order to determine a resonant frequency of oscilla- 
tion of the drop 16, it is necessary to hold the drop in 
suspension so it is completely surrounded by the fluid of 
the bath 14 rather than resting on a bottom wall of the 
container. Holding the drop in suspension is also re- 
quired because the oscillation sensing apparatus 22 can 
monitor oscillations of the drop only when the drop lies 
within a limited area of the tank beside which the sens- 
ing apparatus has been positioned. In order to prevent a 
drop 16 of a fluid having a slightly different density than 
the fluid of the bath 14, from floating up to the top or 
sinking to the bottom of the bath, an acoustic standing 
wave pattern is established in the bath. This is accom- 
plished by energizing the transducer 18 to apply acous- 
tic waves of a second frequency which is resonant to the 
depth of the bath. In a typical application, the frequency 
utilized to generate resonant oscillations of the drop 16 
may be on the order of a few cycles per second, or 
hertz, while the frequency utilized to establish a stand- 
ing wave pattern in the bath may be on the order of 
kilohertz. The drop 16 will be urged toward a node 
(maximum pressure) or antinode (minimum pressure) of 
the standing wave pattern, depending upon whether the 
fluid of the drop has a higher or lower compressibility 
than the fluid of the bath. The levitation standing wave 
pattern also can be obtained by filling the container to 
the top, with extra fluid in an overflow tube 23, so 
sound is reflected off a reflecting wall 25 at the top of 
the bath, to prevent possible deformation of a free liquid 
top. 

The oscillation sensing apparatus 22 includes a lamp 
30 (FIG. 2) whose light rays are collimated by a lens 32. 
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The collimated rays pass through transparent walls of 
the container 12 and through the portion of the bath 14 
which contains the drop 16. While the bath 14 contains 
transparent fluid, the drop 16 has been dyed so it is 
largely opaque, to thereby interrupt the middle portion 5 
of the collimated light beam. The light passing out of 
the tank, is intercepted by a slit device 34, which passes 
only a narrow slit of light. The narrow slit of light is 
concentrated by a lens 36 onto a photocell 38 which 
generates an electrical signal on line 40 proportional to 10 
the amount of light incident on the cell. 

FIG. 3 shows how a bundle of collimated rays 42 that 
are interrupted by the opaque drop 16, can be utilized to 
detect oscillations of the drop. In the absence of the 
drop 16, the entire length of the slit 44 of the slit device 15 
is illuminated. The presence of the drop 16 of a height H 
results in a middle section of the slit 44, of the same 
height H as the drop, being unilluminated. During oscil- 
lation of the drop, when it changes from the prolate 
position at 16 to the oblate position at 16A, the height H 20 
of the drop oscillates, to thereby vary the height H of 
the unilluminated portion of the slit. A photocell 38 A 
behind the slit, therefore receives a varying amount of 
light as the drop oscillates. In practice, the lens 36 and 
small photocell 38 of FIG. 2, are utilized to enable a 25 
smaller photocell to be employed. As the frequency of 
acoustic waves approaches a resonant oscillation fre- 
quency of the drop, the output of the photocell 38 be- 
gins to vary considerably. The amplitude of the AC 
portion of the photocell output on line 40, reaches a 30 
maximum at the precise resonant frequency of the drop. 

It is also possible to monitor oscillation of a transparent 
drop having a different index of refraction than that of 
the bath liquid by detecting light diffracted by the drop. 

The oscillator apparatus 20 utilized to drive the trans- 35 
ducer 18, is shown constructed with a resonance oscilla- 
tor 50 which can produce the frequency of perhaps 
several Hz at which the drop resonates, a levitation 
oscillator 52 which produces a frequency such as sev- 
eral kHz (kilohertz) which produces a standing wave 40 
pattern within the bath 14 to hold the drop in position, 
and a mixer 54 which combines the two frequencies and 
delivers it to the transducer 18. It may be noted that 
instead of utilizing a resonant oscillator 50 of low fre- 
quency, a higher frequency oscillator can be utilized 45 
with its amplitude modulated at the low resonance fre- 
quency of the drop, to more efficiently drive the trans- 
ducer. The higher frequency amplitude-modulated 
wave, is preferably of a frequency resonant to the depth 
of the bath. The photocell 38 of the oscillation sensor 50 
apparatus, can be utilized with its output 40 connected 
to a control 56 of the oscillator apparatus which con- 
trols the frequency of the resonant oscillator 50, as by 
varying the voltage to a voltage controlled oscillator. 
The control 56 can be utilized to sweep the frequency, 55 
at a slow rate such as 10 milihertz per second, until a 
maximum AC output from the photocell 38 is detected, 
and to indicate the frequency which gave rise to the 
maximum photocell output. 

Knowledge as to the interfacial surface tension be- 60 
tween the fluid of the drop 16 and the fluid of the bath 
14, can be useful in a variety of analyzing techniques. In 
the monitoring of slow chemical reactions, which occur 
over a period of more than a few seconds, the monitor- 
ing of the surface tension can indicate the progress of 65 
the chemical reaction. This is because all chemical reac- 
tions change the molecular bond structure of the mate- 
rial, which changes the surface tension. The reaction 
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can be one which occurs between the material of the 
drop 16 and the material of the surounding bath 14, in 
which case the resonant frequency can be monitored 
during a period immediately following the introduction 
of the drop into the bath. The reaction can also be one 
which occurs between components in the drop. The 
host or bath liquid should be substantially immiscible in 
the drop liquid to avoid immediate dispersion of the 
drop. A stable introduction of the drop can be per- 
formed by discharging a drop of precisely controlled 
size in a stable location of the acoustic standing wave 
structure, and immediately withdrawing the tube from 
which the drop was dispensed. In another application, 
additives can be placed in a drop, and a resonant oscilla- 
tion frequency can be monitored to observe the rate of 
reaction of the additive with the rest of the material of 
the drop. For example, detergents or surfactants added 
to a drop of a liquid, will greatly affect the surface 
tension of the drop. 

The resonant oscillation frequencies of a drop depend 
upon the size of the drop, the density of the fluid form- 
ing the drop, the density of the fluid forming the bath, 
and the molecular bond structure of the materials of the 
drop and of the bath. The size of the drop can be very 
closely controlled by easily available dispensing syrin- 
ges, and the densities of the material of the drop and of 
the material of the bath can be accurately determined. 
Experiments that have been conducted indicate that the 
resonant frequency of a drop can be determined within 
0.1%. Accordingly, when monitoring the changes in 
resonant frequency, the apparatus can be utilized to 
closely monitor the changes in the molecular bond 
structure of the fluids, and particularly of the drop 
when it lies in a large bath of substantially inert fluid. 

The resonant frequencies of a drop of fluid in a sur- 
rounding bath of fluid, is given by the formula: 



eq. l 


wherein f„ is the frequency of the n th mode of oscillation 
(with n— 2 corresponding to the fundamental or lowest 
frequency oscillation mode), i n ' is the Lamb’s natural 
frequency of the drop, and a is a parameter dependent 
upon the properties of the two fluids and particularly of 
the molecular bond structures of the two fluids. Lamb’s 
natural frequency is given by the equation: 


A _ n (n — 1) (n + 11 (n 4- 2) a eq. 2 

n & Mo + (n + 1) di\ 

where cr is the interfacial tension, R is the radius of the 
drop, and d 0 and d,- are the densities of the outer liquid 
(i.e. bath) and inner liquid (i.e. drop) respectively, 
a is given by the equation: 

2 eq. 3 

(2 n + 1) N UjUodjdo 

M7 R [nd 0 + (n + 1) dj\ ■ [N ~i + S ^d a ] 

where u 0 is the dynamic viscosity of the outer fluid 
(bath), u / is the dynamic viscosity of the inner fluid 
(drop), and d/, d 0 , and R are as defined above. 

In one experiment that has been performed, a drop of 
silicone and carbon tetrachloride (CCL4), containing a 
dye making it largely opaque, was introduced into a 
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bath of water. The CCL4 was added to the silicone to 
more closely match the density of the drop to that of the 
surrounding water. The fluid of the drop had a density 
of 0.995 grams per cm 3 , and a viscosity of 3.2 centi- 
stokes. The water bath 14 had a depth of about 6 inches 5 
(about 15 cm). The drop of silicone (with CCL4 therein) 
had a volume of 1.9 cm 3 . It was found that the drop had 
a lowest resonant frequency of 3.56 Hz. From this, it 
was calculated that the interfacial tension of the drop to 
the bath was 37 dynes/cm. An acoustic standing wave 10 
pattern was established in the bath 14 by applying a 
frequency of 22 kHz to the transducer 18 at the bottom 
of the bath, which produces three equally spaced nodes 
(pressure maxima) along the height of the bath. The 
lowest resonant frequency along the depth of the bath is 15 
5.5 kHz, which produces an antinode at the center but 
no nodes (except at the top and bottom), while an 11 
kHz frequency produces one node located at the center 
of the height of the bath. However, a higher frequency 
was utilized because the particular transducer was more 20 
efficient at a higher frequency. Where the drop has a 
greater compressibility than that of the host medium of 
the surrounding bath, it gravitates towards the nearest 
node. The pressure of the standing wave pattern is high- 
est along the vertical centerline of the bath, and de- 25 
creases progressively further towards the edges of the 
bath, so that the drop tends to stay in the center. It is 
possible to retain a drop of lower compressibility than 
the surrounding bath, by utilizing additional transducers 
to set up a standing wave pattern in three dimensions. 30 
The system of the present invention for determining 
resonant frequencies of oscillation of drops, can be uti- 
lized to measure a particular property of the material, as 
well as to monitor slow changes in the proper of the 
material. The determination of the amount of a contami- 35 
nant or additive in a liquid can be more precisely ob- 
tained by the use of other instruments such as a mass 
spectrometer or by infrared or ultraviolet spectroscopy. 
However, the technique of the present invention ena- 
bles a relatively coarse determination of the composi- 40 
tion to be made rapidly and with relatively inexpensive 
equipment. The system of the present invention is very 
useful in monitoring slow physical reactions which 
occur over a period of a few seconds or more, and 
which are otherwise difficult to monitor, as in monitor- 45 
ing the diffusion of an additive in a fluid, or slow chemi- 
cal reactions, by measuring changes in the resonant 
frequency of a drop. The resonant oscillations can also 
be utilized to mix a drop of material, as in distributing 
nutrients uniformly to a mass of cells forming the drop, 50 
to more effectively feed the cells. The term “drop” does 
not necessarily imply that the quantity of fluid is small, 
but only that it tends to remain as a mass which is a 
different material than that of the surrounding bath, at 
least for a short period. 55 

Although physical properties of the drop material 
can be calculated, it is often useful to merely note the 
resonant frequency or changes in the resonant fre- 
quency of the drop. For example, the rate at which a 
chemical reaction is occurring, can be monitored by 60 
noting the rate at which the frequency changes, and the 
end of the reaction is indicated by the end of the fre- 
quency change. Decreases in the resonant frequency 
indicate decreases in the interfacial surface tension. It is 
generally desirable to utilize a host liquid of about the 65 
same density as the drop liquid, to minimize the re- 
quired amplitude of the levitation acoustic energy. The 
levitation acoustic radiation itself produces a deforma- 
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tion in the drop from a spherical form, but this has an 
insignificant effect on the resonant frequencies of the 
drop for small levitation-induced deformations (of less 
than about 1 %) and especially where the resonant oscil- 
lations are of small amplitude (where the change in drop 
diameter during oscillation is less than about 10%) nor- 
mally utilized herein. 

Thus, the present invention provides a method and 
apparatus which can be utilized to oscillate and measure 
the resonant frequency of oscillation of a drop of mate- 
rial, which can be utilized in determining the interfacial 
tension of a drop of material in a bath. This can be 
accomplished by introducing a drop of a first liquid in a 
bath of a second liquid, and applying acoustic waves to 
the bath, of a frequency close to a resonant oscillation 
frequency of the drop. The frequency is swept while the 
oscillation amplitude of the drop is monitored, to pre- 
cisely determine a resonant oscillation frequency of the 
drop. Oscillations of the drop can be determined by 
projecting a light beam through a bath portion contain- 
ing the drop and monitoring the variation of light re- 
ceived in a slit-area that would be fully illuminated in 
the absence of the drop, and with the slit-like area being 
blocked by only a strip-like portion passing through the 
center of the drop. The drop can be hied in approximate 
location to facilitate monitoring of its oscillations, by 
applying an acoustic standing wave pattern to the bath 
that contains the drop. The bath fluid is generally a 
liquid when the system is utilized on the earth, but may 
be a gas when utilized in a zero gravity environment. 

Although particular embodiments of the invention 
have been described and illustrated herein, it is recog- 
nized that modifications and variations may readily 
occur to those skilled in the art and consequently, it is 
intended that the claims be interpreted to cover such 
modifications and equivalents. 

What is claims is: 

1. Apparatus useful in oscillating a drop of a first fluid 
when surrounded by a bath fluid, comprising: 

a container for holding a bath fluid and for receiving 
a drop of the first fluid within the bath fluid; 

transducer means coupled to said container and ener- 
gizable for generating acoustic energy and con- 
ducting it into bath fluid lying in said container; 

means for energizing said transducer means; and 

means for sensing oscillations of the drop of first 
fluid; 

said energizing means being frequency controllable 
to alter the frequency to a value which produces 
resonant oscillations of said drop of first fluid. 

2. The apparatus described in claim 1 wherein: 

said oscillation sensing means senses oscillations of a 
drop at a predetermined location within said con- 
tainer; and 

said energizing means energizes said transducer 
means to produce a levitation frequency that estab- 
lish a standing wave pattern within said chamber 
that can hold said drop at said predetermined loca- 
tion, as well as to produce said resonant frequency 
value. 

3. The apparatus described in claim 2 wherein: 

said levitation frequency is more than 100 Hz and said 
resonant frequency value varies within a range that 
includes a frequency less than one-tenth said levita- 
tion frequency. 

4. The apparatus described in claim 1 wherein: 

said sensing means includes a source for directing a 
light beam past said drop, and a detector means 
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positioned to intercept said light beam after it has 
passed said drop, for sensing changes in the width 
of the drop along a predetermined axis which is 
perpendicular to the direction of travel of said light 
beam past said drop. 5 

5. Apparatus for oscillating a drop of a first liquid 
without contacting a solid, comprising: 

a container; 

a second liquid lying in said container and forming a j 0 
liquid bath large enough to completely envelope 
said drop, said second liquid being substantially 
immiscible and chemically unreactive with said 
first liquid of said drop; 

acoustic transducer means coupled to said second 15 
liquid; and 

means for energizing said transducer means to pro- 
duce acoustic waves in said second liquid of a fre- 
quency which is resonant to said drop lying in said ^ 
second liquid. 

6. The apparatus described in claim 5 wherein: 

said energizing means also energizes said transducer 
means at a second frequency which is chosen to 
establish a standing wave pattern of acoustic waves 25 
in said second liquid. 

7. The apparatus described in claim 5 wherein: 

said second liquid has substantially the same density 

as said first liquid of said drop. 

8. Apparatus for oscillating and sensing oscillations of 30 
a substantially opaque suspended drop, comprising: 

light source means for directing a beam of light of a 
diameter greater than the diameter of said drop 
when it is quiescent, at said drop; 35 

means positioned on a side of said drop opposite said 
light source means, for detecting the amount of 
light falling on a slit-like area of predetermined size 
whose center portion is blocked from receiving 
light of said beam by said drop; and 40 
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means for oscillating said drop so its diameter, as 
measured parallel to the length of said slit-like area, 
repeatedly changes. 

9. The apparatus described in claim 8 wherein: 

said detecting means includes a slit device having a 
slit and a photosensitive cell located behind said slit 
for detecting light passing through said slit. 

10. A method for sensing interfacial surface tension at 
a surface of a first liquid comprising: 

introducing a drop of the first liquid in a bath of a 
second liquid; 

applying acoustic energy to said bath of second liq- 
uid; 

sensing oscillations of said drop; and 
varying the frequency of said applied acoustic energy 
to a frequency at which said drop undergoes reso- 
nant oscillations. 

11. The method described in claim 10 including: 
applying second acoustic energy to said bath of a 

wavelength which produces a standing wave pat- 
tern in said bath while also applying said first men- 
tioned acoustic energy, whereby to urge said drop 
toward a predetermined location in said bath. 

12. The method described in claim 10 wherein: 
said step of sensing oscillations includes directing a 

collimated light beam of larger width than said 
drop through said bath, and detecting light falling 
on a slit area of smaller width but larger length than 
the diameter of the light beam area blocked by said 
drop when it is quiescent. 

13. The method described in claim 10 wherein: 
said second liquid has about the same density as said 

first liquid. 

14. The method described in claim 10 wherein: 
said second liquid is substantially transparent, 

said step of sensing oscillations includes directing a 
light beam through said bath; and including 
adding a dye to said first liquid to make it substan- 
tially opaque. 

* * * * * 
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